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1 Introduction
The two major challenges in agricultural production are 
meeting the food needs of the ever-increasing global pop-
ulation and mitigating climate change.1 Fertilisers contrib-
ute significantly to the global food production. However, 
in recent years, the widespread and uncontrolled use of 
these fertilisers has led to inefficiencies and environmen-
tal problems.2 Consequently, as fertiliser usage increases, 
it is essential to ensure their high quality to address issues 
such as caking, dust generation, and imbalanced nutrient 
distribution.3 Improving the environmental compatibility 
of fertilisers can be achieved by developing fertiliser tech-
nologies that enhance nutrient release, physical properties, 
and other characteristics of fertilisers, thereby supporting 
sustainable agriculture.4 

Currently, there is a growing interest in the use of plant-
based and biodegradable coating materials for mineral 
fertilisers.5 Research on biodegradable coatings is gaining 
importance with the upcoming European fertiliser stand-
ards, which are set to take effect in 2026.6–7 Fertiliser 
coatings are essential for maintaining the physical quality 
of granules and are continuously being improved to ac-
commodate new types of fertilisers, as well as future reg-
ulations concerning environmental and ecological health.6 
Biobased ingredients are considered more sustainable and 
environmentally friendly compared to petroleum-based 
materials. However, many commercially available coatings 

still consist of ingredients that may be unsustainable, costly, 
and ecologically harmful, such as paraffin or mineral oil.3,6

Caking is a detrimental phenomenon that is common in 
many industries, leading to economic losses, product deg-
radation,  process interruption, and reduced product qual-
ity.8–9 Under conditions such as transport, handling, and 
storage, some solids tend to form lumps over extended 
periods, a process defined as “caking”.10 Fertiliser caking 
occurs due to the undesired agglomeration of granules 
through the formation of crystal or liquid bridges between 
them.11 Measures to prevent caking can be achieved by 
controlling environmental conditions and using small 
amounts of non-toxic, effective anti-caking agents.12 An-
ti-caking agents are used to provide free flowing proper-
ties by preventing the results of interparticle mechanisms 
triggered by ambient conditions such as humidity, temper-
ature, storage time, and pressure.13 Depending on their 
application, they are categorised into internal and external 
additives, such as coating agents, and they can take various 
physical forms, including inert powders, viscous liquids, 
liquids, or waxes.14–15 Their primary function is to reduce 
contact between atmospheric moisture and the fertiliser 
surface through different mechanisms.16–17 Coating agents 
are applied to the fertiliser surface, creating a hydrophobic 
layer that inhibits crystal growth, particle interaction, and 
moisture absorption, which initiates the caking process. 
Additionally, they help to reduce degradation and abrasion 
by forming a protective film on the granule surface.18–19

Commercial coating agents, typically based on petro-
leum-derived substances, may include oils, fatty acids, 
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waxes, and surfactants such as primary fatty amines, and 
sometimes secondary and tertiary fatty amines, which are 
highly hydrophobic.20–21 Aliphatic amines, in particular, re-
duce crystal-solution interface energy,  making the fertiliser 
surface hydrophobic, which reduces moisture absorption 
and prevents agglomeration.22–23 These materials, due to 
their cationic characteristics, facilitate the thorough disper-
sion of the coating on the fertiliser surface by interacting 
with anions like nitrate or sulphate salts, promoting strong 
adhesion.24 They contain both polar and non-polar groups, 
they are amphiphilic compounds that prevent adhesion, 
reduce interfacial energy between the crystal fertiliser 
structure and moisture on the surface, and inhibit crystalli-
sation.25–26 In addition to surfactants, mineral and paraffin 
oils are commonly used in anti-caking agents but can leave 
persistent residues in the soil and pose environmental risks 
due to their highly aromatic components, such as poly-
cyclic aromatic hydrocarbons (PAHs).27–28 Therefore, there 
is a crucial need for more research on sustainable and 
eco-friendly substances for fertiliser coatings.29–30 Beyond  
the environmental impact of petroleum-derived polymers, 
the depletion of petroleum resources necessitates replac-
ing these materials with substances derived from renewa-
ble resources.31 For example, plant oils are hydrophobic 
materials that can be optimised as film coatings. They are 
easily accessible, environmentally friendly, sustainable, and 
more degradable by soil microorganisms.32–34 

To address the caking issue, the use of anti-caking agents 
is almost mandatory for the fertiliser industry. Fertilisers 
cannot be stored for extended periods without these ad-
ditives. However, these agents are among the costliest and 
most fuel-dependent components produced outside the 
fertiliser industry. Since anti-caking agents play a crucial 
role in maintaining fertiliser quality and are often petrole-
um-based, causing environmental challenges, one step to-
ward decarbonisation in the fertiliser industry could be the 
use of green additives. Petroleum-derived substances and 
low-degradability polymer coatings, which are widely used 
but harmful to the environment, will be prohibited under 
EU regulations starting in 2026. From a regulatory compat-
ibility perspective, an important research study to provide 
alternative anti-caking agents is here presented. The aim 
of this study was to develop anti-caking coatings for nitrog-
enous fertilisers that comply with future regulations, such 
as those of the EU, and are environmentally friendly. The 
findings will provide significant input for the fertiliser in-
dustry, with the newly developed coatings serving as viable 
alternatives to conventional coatings. As EU regulations will 

require the use of biodegradable materials in fertilisers as of 
2026, this research offers valuable insights for the industry 
to develop products that comply with these upcoming reg-
ulations. Additionally, this study evaluates the performance 
of plant-oil-based coatings not only in terms of preventing 
caking but also regarding dust formation, moisture absorp-
tion, crushing strength, and abrasion resistance. Two types 
of compound fertilisers, known for their caking tendencies, 
were tested with these plant-based coatings. Given the lim-
ited literature on this topic, this study offers valuable data 
on the caking tendencies of major compound fertilisers 
and contributes significantly through the development of 
plant-based coating agents, directly comparing them with 
commercial anti-caking agents, and applying specific ex-
perimental methods. 

2 Experimental
2.1 Identification of control group fertilisers

Among NP (nitrogen-phosphorous) and NPK (nitro-
gen-phosphorous-potassium) fertilisers, formulations 
20.20.0 (7/13) and 15.15.15 (15/0), were selected as con-
trol group fertilisers in compound type that are prone to 
caking, as shown in Table 1. 

Fertiliser grades are represented as NPK values, indicating 
the contents of the three primary nutrients: nitrogen (N), 
phosphorus (P), and potassium (K) respectively. These val-
ues are typically displayed as a series of three numbers on 
the fertiliser packaging. For example, a fertiliser labelled 
20.20.20 (7/13) would contain 20 % total nitrogen (with 
7  % coming from ammonium, 13  % from urea), 20  % 
phosphorus (as P2O5), and 0 % potassium (as K2O).15 The 
total nitrogen amount in fertilisers refers to the sum of both 
ammonium nitrogen and urea nitrogen. These forms of ni-
trogen are sourced from various feedstocks, such as am-
monium sulphate and urea, which are essential for plant 
growth as they provide crucial nutrients in different forms 
that plants can absorb and utilise. Ammonium nitrogen is 
readily available for plant uptake, while urea nitrogen must 
be converted into ammonium by microorganisms before it 
becomes available to plants. 

Basic properties of the control group fertilisers were ana-
lysed as a preliminary step to characterise the fertilisers, 
following the methods outlined in Table 2.

Table 1 – Control group fertilisers

Primary nutrients ⁄ %wt NP-20.20.0 (7/13) NPK-15.15.15 (15/0) Source of nutrients CAS No.
NH4-N (Ammonium N) 7 15 Ammonium sulphate 7783-20-2
NH2-N (Urea N) 13 0 Urea 57-13-6
P (as P2O5) 20 15 Phosphoric acid 7664-38-2
K (as K2O) 0 15 Potassium chloride 7440-09-7
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Table 2 – Parameters of the control group fertilizers

Parameter Test device Test method
Particle size 
distribution

Retsch Sieve 
tester TS 2832:200535

Moisture 
content

Oven or 
Incubator TS 2832:200535

Bulk density Volumetric 
container TS 2832:200535

Crystal 
structure

PANalytical 
Empyrean 
XRD

Operating voltage: 20–50 kV
Operating current: 5–60 mA

2.2 Preparation of the anti-caking agents

Anti-caking agents were prepared using commercial pat-
ents36 and various substances including two types of alkyl 
amines (stearylamine and oleylamine), plant-based oils 
(palm oil) and mineral oils (mineral oil), waxes (palm, par-
affin), and fatty acids (lauric acid, coconut fatty acid), as 
detailed in Table 3. 

2.3 Fertiliser coating process

The coating process was carried out by melting the an-
ti-caking materials within the temperature range of 70–
80 °C, and applying them in two different concentrations, 
1000 and 1500 ppm. The process was carried out using 
1 kg of uncoated fertiliser, to which 1000 mg (1000 ppm) 
and 1500 mg (1500 ppm) of coating materials were ap-
plied. The melted materials were sprayed onto the pre-
heated fertiliser surfaces at 60 °C in an oven, using a syrin-
ge. After spraying, the fertilisers were rotated manually in 
plastic jars to ensure a more uniform and homogeneous 
coating.

2.4 Characterisation of coated fertiliser samples

2.4.1 Caking test

The accelerated caking test consisted of an initial climat-
ic chamber test followed by a small bag caking test. Two 
consecutive climatic cycles were applied: i) 32 h at 20 °C 
and 80 % relative humidity, and ii) 72 h at 40 °C and 20 % 
relative humidity37–38 in a JSR JSPC-200C model climatic 
chamber. After climatic conditioning, the samples were 
placed into the small bag storage test, where they were 
kept for four days under 0.28 kg cm−2 pressure in the test 
device, according to the IFDC S-106 method. Following 
the test, the samples were removed from their packages, 
and the caked portions were weighed.39–40

2.4.2 Moisture absorption and penetration test

To assess the moisture absorption (MA) and moisture 
penetration (MP) of the fertiliser samples, they were 
placed in open-mouthed cylindrical plastic tubes within 
a climatic chamber, ensuring exposure to ambient air. 
The samples were weighted after being exposed to en-
vironmental conditions of 30 °C and 80 % humidity for 
72 h, in accordance with the IFDC S-100 standard.15,37,39 
MA was calculated using Eq. (1)37,39, and is expressed as 
mg of moisture absorbed per unit surface area of the fer-
tiliser.

−
= ⋅

FW OWMA 1000
ES

(1)

MA, expressed in mg cm⁻2, was calculated using the final 
weight (FW) of the sample in grams, the original weight 
(OW) of the sample in grams, and the exposed surface area 
(ES) of the sample in cm2.

MP in the bulk fertiliser material was assessed by observ-
ing how far moisture travelled through the material after 
exposure to a controlled moisture environment in the cli-

Table 3 – Composition of the prepared anti-caking agents

Components ⁄ %wt CAS No. AC-1 AC-2 AC-3 AC-4 AC-5 AC-6 AC-7 AC-8

Stearylamine 124-30-1 10.00 10.00 – – 10.00 10.00 – –

Oleylamine 112-90-3 – – 10.00 10.00 – – 10.00 10.00

Coconut oil fatty 
acid 61788-47-4 10.00 15.00 10.00 15.00 10.00 15.00 10.00 15.00

Lauric acid 143-07-7 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00

Diethanolamine 111-42-2 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

Paraffin wax 8002-74-2 – 10.00 – 10.00 – – – –

Palm wax powder 232-316-1 – – – – – 10.00 – 10.00

Mineral oil 8042-47-5 73.00 58.00 73.00 58.00 – – – –

Palm oil 8002-75-3 – – – – 73.00 58.00 73.00 58.00
SUM 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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matic chamber. The measurement method involved filling 
a fixed-volume container with the fertiliser and identifying 
the wet region, which appeared darker. MP was measured 
along a vertical line in cm using a ruler. 

Moisture holding capacity (MHC) was calculated from 
the MA data, expressed in mg cm−2, and the MP data, ex-
pressed in cm, according to Eq. (2)37,39.

=
MAMHC
MP

(2)

2.5.3 Friability test 

The abrasion resistance of the fertiliser samples was meas-
ured using a Pharmag PTF100 model friability tester, de-
signed to simulate handling conditions. In this test, fertiliser 
granules were rotated in a drum at 50 revolutions per min-
ute (rpm) for 120 s. The test procedure was adapted from 
the IFDC S-116 method based on the type and quantity of 
fertiliser.15,37,39 

2.5.4 Crushing strength test

The crushing strength was measured using a Lutron FG-
5000A and expressed as g per granule, according to the 
IFDC S-115 procedure.15,37,39

3 Results and discussion
3.1 Results for control group fertilisers

The particle size and distribution values of the fertilisers 
were determined using the sieve analysis method, and the 
results presented in Table 4. These results comply with the 
TS 2832 standard35, which requires 90 % of the compound 
fertilisers to have a particle size between 1 and 4 mm, with 
a maximum of 3 % below 1 mm. 

Table 4 – Particle size distribution of control group fertilisers

Particle size ⁄ % 20.20.0 (7/13) 15.15.15 (15/0)

4 mm and larger 0.50 0.20

1–4 mm 97.60 98.80

1 mm and smaller 1.90 1.00

One of the critical parameters influencing the caking mech-
anism is the moisture content within the granule structure, 
which manufacturers typically strive to minimise.14 The 
moisture content of the fertiliser samples was found to be 
0.8 % for 20.20.0 and 0.4 % for 15.15.15. These values 
comply with the TS 2832 standard for compound fertil-
isers, which sets a maximum moisture content of 1.0 % for 
granular fertilisers. These results also align with internation-
al and EU standards through ISO 8157:2022 (EN).35,41 The 
bulk density results obtained were 1070 kg m−3 for 20.20.0 
fertiliser, and 1032 kg m−3 for 15.15.15 fertiliser. According 
to the literature, granular NP-NPK fertilisers generally ex-
hibit a bulk density range of 1000–1200 kg m−3.15 An XRD 
analysis was performed to identify the crystal structure of 
the fertilisers. The crystallographic data for the 20.20.0 fer-
tiliser, which primarily consists of monoammonium phos-
phate (MAP), is shown in Fig. 1.

The MAP structure in the 20.20.0 fertiliser is formed dur-
ing the neutralisation reaction between ammonia and 
phosphoric acid, which are the primary feedstocks for NP 
compound fertilisers.38 The crystallographic analysis for the 
15.15.15 fertiliser, which primarily consists of diammoni-
um phosphate (DAP), is shown in Fig. 2. 

3.2 Characteristics of coated fertilisers

In this study, the characterisation of fertilisers coated with 
eight different anti-caking agents was performed at two 
coating concentrations: 1000 and 1500 ppm. The effect of 
the anti-caking agents was interpreted based on the eval-
uation of the results. To ensure coating homogeneity, fer-
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Fig. 1 – XRD crystallography of MAP structure in the NP-20.20.0 fertiliser
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tiliser samples were selected within a specific particle size 
range of 1–4 mm, aiding in more consistent application of 
the coating material. Preheating both the coating materials 
and fertiliser samples was implemented to improve adhe-
sion of the coating agent and promote uniform distribution 
across the granule surfaces. Despite these efforts, we ac-
knowledge that some variations in coating uniformity may 
still occur, and further studies using advanced techniques 
are recommended to more accurately assess and enhance 
the coating process. 

3.2.1 Caking tendency

Caking is defined as the adhesion of fertiliser particles to 
one another due to phase changes or direct contact, result-
ing in the loss of free-flowing structure of the fertiliser gran-
ules.18 Free-flowing fertiliser granules can consolidate into 
hard masses, causing a loss of function and overall quality.8 
This phenomenon presents significant challenges in indus-
trial processes, including process interruptions, customer 
complaints, and inefficiencies in agricultural practices.9 
Anti-caking coatings that enhance the physical quality 
and maintain the free-flowing properties of fertilisers of-
fer substantial benefits.14 To assess the effectiveness of the 
prepared anti-caking agents, the fertiliser samples were 
exposed to high temperature and humidity conditions 
in a climatic test chamber using two consecutive climate 
cycles. Subsequently, the samples were tested in a small 
bag caking test under a certain pressure. The results on 
the caking tendencies of the tested fertilisers are presented 
in Table 5, comparing the uncoated fertiliser samples with 
two commercially available coatings, AC-R1 and AC-R2. 

According to the results, the 20.20.0 (7/13) fertiliser ex-
hibited a higher caking tendency than the 15.15.15 (15/0) 
fertiliser under all conditions. This phenomenon is related 
to the urea content in the 20.20.0 fertiliser and its criti-
cal relative humidity (CRH). The crystal salt structure and 
chemical composition of fertilisers contribute to their hy-
groscopic structure and specific CRH value, which indi-
cates their moisture absorption capacity. CRH is defined 
as the minimum atmospheric relative humidity at which 
moisture absorption begins on the surface of the fertiliser. 

It is a key parameter influencing the caking tendency of 
fertilisers.15 When a fertiliser is exposed to an environ-
ment where the relative humidity (RH) approaches its 
CRH, moisture absorption can commence on the fertil-
iser’s surface. This moisture absorption leads to capillary 
condensation within the structure, forming liquid bridg-
es between granules, which is a primary cause of caking. 
Once the RH equals or exceeds the CRH, the fertiliser 
can undergo a phase change, potentially leading to liq-
uefaction of the granules, which makes them weak and 
prone to sticking together. In environments with RH above 
the CRH, the granule structure may transition to a liquid 
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Fig. 2 – XRD crystallography of DAP structure in the NPK-15.15.15 fertiliser

Table 5 – Caking tendencies of fertiliser samples

Anti-caking agent Caking ⁄ %wt in 
20.20.0 (7/13)

Caking ⁄ %wt in 
15.15.15 (15/0)

Control (uncoated) 30.89 38.14
AC-R1 (reference) 3.97 13.40
AC-R2 (reference) 27.76 34.37
AC1-1000 0.00 11.06
AC1-1500 0.00 2.27
AC2-1000 0.00 4.99
AC2-1500 0.00 3.66
AC3-1000 0.00 2.99
AC3-1500 0.00 3.94
AC4-1000 1.39 14.70
AC4-1500 0.00 14.55
AC5-1000 1.36 17.45
AC5-1500 5.39 15.15
AC6-1000 1.69 11.79
AC6-1500 0.00 14.70
AC7-1000 14.97 13.42
AC7-1500 31.07 12.84
AC8-1000 4.09 12.04
AC8-1500 0.00 16.33
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phase, while at RH below the CRH, the fertiliser remains 
in a solid state. These interactions and phase changes be-
tween granules significantly affect the caking mechanism. 
Given that the 20.20.0 and 15.15.15 fertilisers exhibited 
different hygroscopic behaviours due to their distinct CRH 
values, they showed varying caking tendencies.12 Addi-
tionally, the composition of the fertiliser is crucial for un-
derstanding caking tendencies. The CRH value of urea is 
between 70–75 % at 30 °C. However, this value decreases 
to 50–60  % when urea is combined with salts such as 
diammonium phosphate, potassium chloride, phosphate 
rock, and further decreases to 45–55 % when combined 
with ammonium sulphate.15 

Regarding the effect of the anti-caking agents on cak-
ing, both uncoated fertilisers exhibited a higher caking 
tendency compared to the coated fertilisers. The caked 
amounts were 30.89 % for the 15.15.15 (15/0) fertiliser 
and 38.14 % for the 20.20.0 (7/13) fertiliser. The best per-
formances for the 20.20.0 fertiliser were achieved with 
anti-caking agent containing stearylamine (AC1 and AC2) 
at both coating concentrations, and AC6 at a 1500 ppm 
coating concentration. Similarly, among the coatings con-
taining oleylamine, AC3 at both coating concentrations 
and AC6 at a 1500 ppm were identified as the most ef-
fective applications. Stearylamine had a more significant 
impact on reducing the caking tendency of the 15.15.15 
(15/0) fertiliser compared to oleylamine. For the 15.15.15 
fertiliser, coatings with both petroleum-derived and plant-
oil-derived anti-caking agents containing stearylamine 
resulted in caking in the range of 0–1.39  %. Given the 
commercial industry standard of a maximum 10% caking 
tendency, it is evident that AC7 (oleylamine, plant-oil) 
is not suitable for the 15.15.15 (15/0) fertiliser. Howev-
er, AC8 (oleylamine, plant-oil and wax), which includes 
various wax derivatives, demonstrated improved per-
formance. For the 20.20.0 (7/13) fertiliser, formulations 
combining mineral oil and stearylamine were effective in 
keeping caking below 5 %. 

3.2.2 Moisture absorption and penetration

Moisture absorption and moisture holding capacities of the 
20.20.0 fertiliser samples are presented in Fig. 3. The mois-
ture absorption ranged from 53.65 to 115.41  mg  cm−2, 
demonstrating a moisture absorption capacity of 40–
60 mg cm−3. It has been reported that this value can reach 
580 mg cm−2 when no coating is applied, with the mois-
ture holding capacity achieving 15 mg cm−3.15 The results 
demonstrate that all coatings effectively protected the fer-
tilisers from moisture, with the best performance observed 
with the coating containing oleylamine in mineral oil (AC3-
1500) for the 20.20.0 fertiliser. Among the plant-based 
coatings, the most effective application was stearylamine 
(AC5-1000). In general, the average moisture absorption 
across all fertiliser surfaces coated with the prepared coat-
ings was 92.30 mg cm−2. However, the moisture-repellent 
performance of the prepared coatings was successful, in 
contrast to the AC-R2 coating. 

The moisture absorption and moisture holding capacities 
of the 15.15.15 fertiliser samples are presented in Fig. 4. 
It was concluded that the 15.15.15 (15/0) fertiliser exhib-
ited a lower potential for moisture absorption and pene-
tration compared to the 20.20.0 (7/13) fertiliser. This dif-
ference is attributed to the chemical composition and the 
absence of urea in the fertiliser structure. Most of the ap-
plied coating materials demonstrated moisture absorption 
below 20 mg cm−2 and maintained moisture levels below 
10 mg cm−3 throughout the entire volume. For urea-free 
ammonium sulphate-based NPK fertilisers, moisture ab-
sorption ranges from 270 to 365 mg cm−2, and moisture 
holding capacity ranges from 7 to 9 mg cm−3.15 The AC7 
coating at a concentration of 1000  ppm exhibited the 
highest moisture absorption with the lowest moisture hold-
ing capacity, indicating its effectiveness in preventing mois-
ture penetration into the bulk of the fertiliser and demon-
strating the best moisture-repellent performance for the 
15.15.15 fertiliser. The moisture penetration depth (cm) 
for the 20.20.0 (7/13) fertiliser ranged from 2 to 2.5 cm, 
whereas for the 15.15.15 (15/0) fertiliser, it ranged from 
1.5 to 6.3 cm. 

Fig. 3 – MA and MHC results for the 20.20.0 (7/13) fertiliser
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3.2.3 Dust formation

The dust formation data following the handling test of fer-
tilisers are presented in Fig. 5, expressed as weight percent 
(%wt). It was determined that the urea-containing fertiliser 
20.20.0 (7/13) had a dust formation rate of 2.84 %, while 
the 15.15.15 fertiliser, which was urea-free, exhibited a 
dust formation rate of 1.91 %. Abrasion resistance can vary 
depending on the composition of salt contents. For exam-
ple, the DAP 18.46.0 fertiliser, which contains ammonium 
sulphate and phosphate rock, has a dust formation poten-
tial that varies between 0.5 and 2.0 %.15 Fig. 5 indicates 
that the amount of dust decreased with higher coating 
rates. This reduction is related to the film layer formed on 
the granule surface, which decreased friction and wear. 
Generally, the dusting of the 20.20.0 (7/13) samples was 
lower than that of the 15.15.15 fertilisers. Although there is 
higher dust formation, stronger adhesion can be achieved 
on the surface with the help of anti-caking agents. The re-
sults show that the film layer formed on the surface of the 
20.20.0 (7/13) fertiliser by anti-caking materials is more re-

sistant to abrasion. In summary, the best performance for 
both fertilisers was achieved with a 1500 ppm coating of 
the AC3 anti-caking agent. 

3.2.4 Crushing strength

Crushing strength values are presented in Fig. 6, measured 
in g per granule. The two uncoated fertilisers exhibited 
crushing strengths in the range of 474 to 593 g per gran-
ule. It was observed that all anti-caking agents generally 
increased the crushing strength of the fertilisers, with the 
highest value recorded for a 1500 ppm concentration of 
AC4 (stearylamine, vegetable oil and wax) for both fer-
tiliser types. The crushing strength of a fertiliser can vary 
based on its chemical composition, shape, surface, and 
moisture content.42 These results are consistent with liter-
ature reports, indicating that ammonium sulphate-based 
granular fertilisers have crushing strengths ranging from 
1500 to 2500 g per granule, while some fertilisers such as 

Fig. 4 – MA and MHC result for the 15.15.15 (15/0) fertiliser

Fig. 5 – Dust formation of the coated 15.15.15 and 20.20.0 fertilisers 
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DAP have strengths of 3000 to 5000 g.15 Conversely, the 
crushing strength of urea fertilisers is reported to be 1000 g 
for prills and 2500  g for granules.37 Although anti-caking 
coatings do not directly affect the fertiliser formulations, 
they improve adhesion to the fertiliser surface and the film 
layer, which increases the resistance of the fertiliser gran-
ules to crushing pressure.21 Generally, the 20.20.0 (7/13) 
fertiliser samples exhibited lower crushing strength com-
pared to the 15.15.15 (15/0) fertiliser, which can be at-
tributed to the urea content in the 20.20.0 fertilisers. Urea 
can weaken the granule structure, making it more prone 
to crushing into smaller particles and potentially causing 
dusting problems. This increased surface contact between 
granules can lead to more interactions, and, under harsh 
climatic conditions during transportation, result in easi-
er caking. The primary issues of caking and dusting stem 
from the low crushing strength of the granules, which is 
significantly influenced by the urea content. To improve 
crushing strength, it is essential to ensure strong bonding 
within the fertiliser structure. Therefore, in addition to 
anti-caking coatings, the internal anti-caking agents, and 
granulation aids, such as binders, talc, or clay minerals, are 
often used.15 

In general, these findings offer valuable insights into mak-
ing the chemical processing of fertilisers more sustainable 
by exploring alternative, greener approaches to anti-cak-
ing agents. Although specific studies on the direct impact 
of green anti-caking agents are limited, broader research 
on sustainable alternatives suggests significant benefits. 
For instance, a systematic review of bio-based products 
indicates a 45  % reduction in greenhouse gas emissions 
compared to fossil-based counterparts.43,44 The fertiliser 
industry, which consumes 2–3 % of global energy, exem-
plifies the substantial environmental impact of chemical 
production.45 Transitioning to bio-based chemicals, includ-
ing plant-based anti-caking agents, could therefore offer 
meaningful reductions in carbon emissions, aligning with 
the broader goals of industrial decarbonisation. 

4 Conclusion
Caking in nitrogenous fertilisers raises a critical issue, im-
pairing product quality and bringing financial losses. This 
study identifies a competitive edge by proposing plant-oil-
based anti-caking agents as a sustainable alternative to pe-
troleum-based options. For manufacturers, this solution of-
fers regulatory compliance with upcoming EU restrictions 
and a step toward decarbonisation. While the initial costs 
of these green alternatives may be higher than conven-
tional agents, their prolonged advantages, such as lowered 
environmental risk and regulation alignment, could make 
them a cost-effective option in manufacturing processes.

This study provides valuable insights into the formulation 
of plant-based anti-caking agents by exploring various 
components, such as surfactants, fatty acids, plant-based 
solvents, and wax derivatives. The experimental results re-
veal several important findings. Firstly, the interaction be-
tween stearylamine and plant oil resulted in a sufficiently 
hydrophobic film forming on the fertiliser surface, making 
the formulation of the AC3 (a combination of stearylamine 
and plant oil) the optimal anti-caking material. Most of the 
coating agents applied during the study exhibited mois-
ture absorption levels below 20 mg cm−2, with the mois-
ture content maintained under 10  mg  cm−3 throughout 
the volume. The best performance, in terms of minimis-
ing moisture absorption and caking, was found with the 
1500  ppm concentration of the AC3 anti-caking agent 
in both fertilisers studied. Additionally, oleylamine, when 
combined with plant-oil waxes, was effective in enhancing 
the protective barrier on the granule structure, contributing 
to improved performance. 

This study addresses a critical issue for the fertiliser industry 
by focusing on the potential for a green transition in an-
ti-caking agents to reduce CO2 emissions while also tackling 
the solid quality problem of caking. The use of sustainable, 
bio-based materials aligns with global decarbonisation tar-
gets and offers practical solutions for industries looking to 

Fig. 6 – Crushing strength of the studied fertiliser samples
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reduce their environmental impact while maintaining effi-
cient production processes. Transitioning to greener alter-
natives, such as plant-based anti-caking agents, has the po-
tential to significantly lower operational carbon footprints. 
This study not only highlights the environmental benefits 
but also emphasises the strategic advantage for industries 
that adopt sustainable practices, making it highly relevant 
for industry stakeholders. 
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SAŽETAK
Održive alternative tvarima za sprječavanje zgrudnjavanja gnojiva 

dobivenim iz nafte
Aysu Kayalıoğlu* i Ayla Özer

U ovoj studiji ispitana je mogućnost zamjene konvencionalnih proizvoda protiv zgrudnjavanja, 
koji se dobivaju iz nafte, tvarima dobivenim iz biljne baze. Konvencionalni proizvodi protiv zgrud-
njavanja dugotrajno zaostaju u tlu, a mogu se pretvoriti u štetne, mutagene oblike, predstavljajući 
tako rizik po okoliš. Da bi se rizik smanjio, razvijeni su ekološki prihvatljivi sastavi obloga koje su 
primijenjene na dvama različitim vrstama složenih gnojiva: 20.20.0 (7/13) i 15.15.15 (15/0), za 
koje je poznato da imaju izraženu sklonost zgrudnjavanja. Obložena gnojiva podvrgnuta su ispiti-
vanjima da bi se procijenila njihova sklonost zgrudnjavanju, upijanje vlage, stvaranje prašine i ot-
pornost na lomljenje. Gnojiva bez obloge pokazala su značajnu sklonost zgrudnjavanju od 30,89 
do 38,14 % wt, s nastankom prašine između 1,91 i 2,84 % wt te otpornošću na lomljenje koja je 
iznosila između 473,8 i 593,0 g po granuli. Primjena obloga na biljnoj bazi dovela je do značajnog 
smanjenja sklonosti zgrudnjavanju u iznosu od 0 do 16,33 % wt, dajući rezultate usporedive s 
oblogama dobivenim iz nafte (od 0 do 17,45 % wt). Najznatnije poboljšanje bilo je pri primjeni 
obloge koja je sadržavala stearilamin, biljna ulja i voskove, što je rezultiralo granulama s otpor-
nošću na lomljenje od 4274,2 do 5318,0 g po granuli i smanjenjem stvaranja prašine. Dodatno, 
obloge na biljnoj bazi pokazale su nisku apsorpciju vlage, ostajući ispod 20 mg cm−2.
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SAŽETAK
Održive alternative tvarima za sprječavanje zgrudnjavanja gnojiva 

dobivenim iz nafte
Aysu Kayalıoğlu* i Ayla Özer

U ovoj studiji ispitana je mogućnost zamjene konvencionalnih proizvoda protiv zgrudnjavanja, 
koji se dobivaju iz nafte, tvarima dobivenim iz biljne baze. Konvencionalni proizvodi protiv zgrud-
njavanja dugotrajno zaostaju u tlu, a mogu se pretvoriti u štetne, mutagene oblike, predstavljajući 
tako rizik po okoliš. Da bi se rizik smanjio, razvijeni su ekološki prihvatljivi sastavi obloga koje su 
primijenjene na dvama različitim vrstama složenih gnojiva: 20.20.0 (7/13) i 15.15.15 (15/0), za 
koje je poznato da imaju izraženu sklonost zgrudnjavanja. Obložena gnojiva podvrgnuta su ispiti-
vanjima da bi se procijenila njihova sklonost zgrudnjavanju, upijanje vlage, stvaranje prašine i ot-
pornost na lomljenje. Gnojiva bez obloge pokazala su značajnu sklonost zgrudnjavanju od 30,89 
do 38,14 % wt, s nastankom prašine između 1,91 i 2,84 % wt te otpornošću na lomljenje koja je 
iznosila između 473,8 i 593,0 g po granuli. Primjena obloga na biljnoj bazi dovela je do značajnog 
smanjenja sklonosti zgrudnjavanju u iznosu od 0 do 16,33 % wt, dajući rezultate usporedive s 
oblogama dobivenim iz nafte (od 0 do 17,45 % wt). Najznatnije poboljšanje bilo je pri primjeni 
obloge koja je sadržavala stearilamin, biljna ulja i voskove, što je rezultiralo granulama s otpor-
nošću na lomljenje od 4274,2 do 5318,0 g po granuli i smanjenjem stvaranja prašine. Dodatno, 
obloge na biljnoj bazi pokazale su nisku apsorpciju vlage, ostajući ispod 20 mg cm−2.

Ključne riječi 
Abrazija, sredstva protiv zgrudnjavanja, zgrudnjavanje, gnojiva, održive obloge
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